GaInP solar cell interfaces were characterized by admittance spectroscopy. Admittance spectroscopy is shown to be sensitive to the band structure at the heterojunction interfaces. In particular, a correlation between activation energy of the capacitance step in a capacitance versus temperature plot and effective potential barrier for majority carriers is demonstrated, indicating a new method for the determination of potential barriers at heterointerfaces. Using this technique, the effective potential barrier for holes at the p-Al 0.53 In 0.47 P/p-GaAs interface is found to be equal to 0.6 eV. Effects of interface defects and spreading resistance in the emitter of solar cells are illustrated and discussed.
Introduction
Heterostructures based on III-phosphides ternary alloys (GaInP, AlInP) have a wide field of applications in electronics, in particular, for the fabrication of solar cells. Al 0.53 In 0.47 P/Ga 0.52 In 0.48 P heterojunctions are one of the most attractive candidates for the formation of the top subcell of multijunction GaInP/GaAs/Ge solar cells due to the matching of the lattice constant with the Ge substrate and due to the appropriate value of the band gap. The III-phosphides interfaces are very important issues in defining the properties of such heterojunction devices. A significant influence of the interface properties on GaInP solar cell performance was previously demonstrated in [1, 2] . Thus the study of the interface properties of these alloys is still required for further performance increase by optimization of the design and technology of the solar cells. 4 Author to whom any correspondence should be addressed.
There is a wide range of techniques used for III-V interface characterization. The structural properties of the GaInP/GaAs interfaces were studied by XRD [3] . The values of the recombination velocity at the GaInP/GaAs interfaces were measured using time resolved photoluminescence [4] . A large number of techniques were used for the determination of such important interface parameters as values of the band offset: x-ray photoemission spectroscopy (GaInP/GaAs) [5] , photoluminescence (PL) and PL excitation [6] [7] [8] [9] [10] and hydrostatic-pressure-dependent PL [11] . Also the values of the valence band offset ( E V ) and the interface charge density at the AlGaInP/GaAs interface were obtained by CV profiling [12] . The above-mentioned techniques rely on a given number of assumptions, which may limit their applications. For example, there is still an open question about band offset values because of a wide spread of these values obtained by different authors using those techniques for GaInP/GaAs ( E V : 0.32-0.46 eV) and AlInP/GaInP ( E V : 0.17-0.36 eV) interfaces [13] .
In this paper we propose to use admittance spectroscopy in order to study the interface properties of III-phosphides solar cells. In general, capture and emission of charge carriers at and from interface states lead to charge changes and, therefore, may result in a capacitance contribution. This fact allows one to use admittance spectroscopy for defect characterization in space charge regions [14] and at heterointerfaces [15] . We will show here that admittance spectroscopy can also be used to deduce barrier heights at heterointerfaces, in particular, between the window layer and the emitter layer of III-phosphides solar cells.
Experiment and simulation details
Four different types of Ga 0.52 In 0.48 P (hereafter, GaInP) solar cells were grown by MOVPE on p-and n-GaAs substrates including: p on n (p-n) structures without any window layer or with an additional p-Al 0.53 In 0.47 P (hereafter, AlInP) or p-Al 0.8 Ga 0.2 As (hereafter AlGaAs) window layer, as well as n on p (n-p) structures with an n-AlInP window layer. More details on the MOVPE fabrication procedure are given elsewhere [16] . The doping levels and thicknesses of the layers are given in table 1. AgMn : Ni : Au and AuGe : Ni : Au contacts to p-GaAs and n-GaAs, respectively, were used. Contact grid and ZnS/MgF 2 antireflection coating were formed on top of the 3.2 × 8.3 mm 2 size solar cells. A heavy doped GaAs cap layer grown on top of the heterostructures for ohmic contact formation was etched in the photoactive area before antireflection coating deposition. The front contact grid consisted of 10 µm width and 2.8 mm length fingers with steps of 0.2 mm. The total area of the contact grid is about 8% of the solar cell area. In order to analyse the influence of the metal grid on capacitance measurements special mesa structures with full coverage of metal top contact of 0.9 mm diameter were also fabricated for p-n structures with a p-Al 0.53 In 0.47 P window layer on the same wafer as for the solar cells. The solar cells and mesa structures design are schematically presented in figure 1 .
The capacitance and conductance versus temperature and frequency measurements (C-T -ω and G-T -ω) were performed in a liquid nitrogen cryostat in a wide range of temperatures (90-350 K) and frequencies (20 Hz-1 MHz) using an HP4284A impedance meter.
In order to analyse the obtained results, computer simulations of the C-T -ω and G-T-ω curves were performed with the AFORS-HET 2.2 software [17] . We considered GaAs/window layer/GaInP/GaAs heterostructures, with ohmic front and back contacts (with electron and hole surface recombination velocities of 10 7 cm s −1 ). The layers' parameters shown in table 1 were used in the calculations. The values of the band gap (E g ) and of the electron affinity (χ) used in the simulation are derived from the literature [13, [18] [19] [20] [21] [22] and presented in table 2. These values also determine those of the band offsets according to Anderson's approach [23] . The interface was described by introducing a very thin (d = 1 nm) defective GaInP layer between the emitter and the window layers. The energetic defect distribution (g it ) in this interface layer was taken as constant through the bandgap, assuming donor/acceptor-like defects in the lower/upper half of the bandgap. The interface defect density is described as
. The electron and hole capture cross-sections were set at 10 −14 cm 2 .
Results

Simplified model
The calculated band diagrams at the top surfaces for different structures are presented in figure 2 . The potential barriers for the majority carriers are formed at the interfaces due to band discontinuities. For instance, a high potential barrier for the holes is formed at the p-GaAs/p-AlInP interface due to the high valence band offset leading to the depletion of the whole p-AlInP window layer ( figure 2(a) ). The simplest analysis of the admittance spectra may be made in terms of the equivalent circuit, as described in figure 3 . C W and G W are the capacitance and conductance of the depletion region of the p-n junction in GaInP. These are in series with C b and G b , being the parallel capacitance and conductance of the depletion region formed by the potential barriers at the 'cap GaAs/window' and 'window/GaInP emitter' interfaces (or 'cap GaAs/GaInP emitter' interface in the case of the structure without a window layer).
Neglecting the conductance of the p-n junction G W , the equivalent parallel capacitance, C p , and conductance, G p , are equal to
1)
2) Table 2 . Values of the band gap (E g ), electron affinity (χ) of the layers as well as band gap offsets ( E C , E V ) of different interfaces used in the simulations are presented. Energy (eV) where ω is the angular frequency. Assuming that G b is dominated by thermoionic emission over the potential barrier it may be expressed as
GaInP p-n junction depletion region
Front interfaces depletion region where G 0 is the temperature dependent thermoionic emission pre-factor, q is the electron charge, ϕ b is the effective height of the potential barrier, k is Boltzmann's constant and T is the temperature.
The calculated temperature dependences of C p and G p /ω, using formulae (3.1), (3.2) and (3.3) with temperature independent values of C W , C b and G 0 for different frequencies are presented in figure 4 . Capacitance curves exhibit a step. At low temperatures (high frequencies) the transport of the majority carriers through potential barriers at the interfaces is limited, i.e. the conductance G b is low and the total capacitance can be expressed as C W in series with C b . At higher temperatures (lower frequencies) the majority carriers can overpass the potential barriers at the interfaces, i.e. conductance G b is large enough to shunt the capacitance C b and the total capacitance is equal to the capacitance of the depletion region of the p-n junction, C W .
The step in the capacitance curves is accompanied by a maximum in conductance. The conductance maximum in the G p /ω(T ) curves corresponds to the inflection point in the C p (T ) curves as demonstrated in figure 4(b) , where the derivative of the capacitance against temperature, dC p /dT , is presented. The position of this feature is shifted to higher temperature when increasing the frequency. This shift in the temperature position versus frequency may be used to obtain the activation energy of the underlying process. An Arrhenius plot of the measurement frequency at the conductance maximum (or at the inflection point in the capacitance), shown in figure 5 , gives an activation energy equal to the potential barrier height ϕ b (0.6 eV) used in the calculations.
It is worth stressing that, while a step in C-T -ω (peak in G/ω-T -ω) is usually attributed to the response of defects to the ac modulation [14] , these features are observed in our calculated admittance curves although no defects were introduced in these calculations, and they are due here to the activation of transport across a potential barrier. This simplified model demonstrates the way to directly determine the effective potential barrier height using admittance spectroscopy. Obviously, the determination of the barrier height from experimental data will be affected by the temperature dependence of parameters such as the thermoionic emission pre-factor G 0 . However, these temperature dependences are weak compared with the activated barrier overcoming, and the related error in the determination of the potential barrier if one just neglects these temperature variations is of the order of a few meV.
Simulation results
For a more detailed analysis numerical simulations of the admittance spectra were performed for the four different structures. In these simulations, the parameters specific to each layer (given in tables 1 and 2) were taken into account.
First, the simulation of C-T -ω and G/ω-T -ω curves was performed for the structures without interface defects (D it = 0). An example of the calculated C-T -ω and G/ω-T -ω curves for the p-n structure with the p-AlInP window layer at zero bias is presented in figure 6 . C-T -ω curves have a step in capacitance at 250-350 K, which is accompanied by a peak in G/ω-T -ω curves. The activation energy obtained from an Arrhenius plot of the measurement frequency at the conductance maximum (also corresponding to the inflection point in the capacitance) is equal to 0.6 eV. The value of the activation energy of the capacitance step corresponds to the difference between the valence band edge (E v ) and the Fermi level (E F ) at the p-GaAs/p-AlInP interface ( figure 2(a) ). Taking into account that the top GaAs cap layer is degenerated, the activation energy of the simulated curves corresponds to the valence band offset ( E V ) at the 'cap GaAs/window layer' interface.
Similar features in the admittance were observed in the calculated C-T -ω curves of the other structures, as can be shown in figure 7 . The p-n structure without a window layer ( figure 7(a) ) has a step at low temperature (120-170 K) and an activation energy of 0.34 eV. The p-n structure with the p-AlGaAs window layer ( figure 7(b) ) has a step at lower temperature (80-120 K) with a lower activation energy of 0.2 eV. The n-p structure with n-AlInP window layer (figure 7(c)) has a double step at lower temperature (60-100 K) with activation energies of about 0.13 and 0.2 eV. The obtained values of the activation energy are equal to the potential barrier heights for the majority carriers at the corresponding front interfaces.
We should note that for the n-p structure with n-AlInP window layer the p-GaInP back surface field (BSF) layer is highly doped (about 2 × 10 18 cm −3 ). Tunnelling through the potential barrier (spike of the valence band) at the back pGaInP/p-GaAs interface is then assumed to be the dominant process in the hole transport. Therefore, this back interface was not taken into account in the simulations where the tunnelling effect is not implemented.
In a second set of simulations, the defect density, D it , was introduced at the 'window/emitter' interface ('cap layer/emitter' interface in the case of no window layer). For the p-n structure with p-AlInP window layer the presence of the interface states with D it = 2 × 10 12 eV −1 cm −2 leads to the appearance of a second step in the capacitance at low temperature T < 120 K ( figure 6 ). This second step is due to the capture and emission processes at/from the interface states. This is clearly demonstrated from the simulation. Indeed, when negligible capture cross-section values (σ = 10 −25 cm 2 ) were introduced, no second step was observed. For other p-n structures the presence of interface states at pGaAs/p-GaInP and p-AlGaAs/p-GaInP front interface leads to a shift of the capacitance step position (figures 7(a) and (b)) along the temperature axis. The shift is slight for D it up to 10 12 eV −1 cm −2 and it increases with increasing D it . This is due to changes in band bending at the interface due to the pinning effect of the Fermi level and therefore the height of the potential barrier for majority carriers, as can be seen in the band diagram calculated with corresponding values of D it (figures 2(b) and (c)).
For n-p structures with n-AlInP window and D it at n-AlInP/n-GaInP front interface up to 10 12 eV −1 cm −2 no changes in the C-T -ω curves are observed ( figure 7(c) ), while increasing D it to 10 13 eV −1 cm −2 leads to a shift of the step in capacitance, which is related to transport phenomena at the front interface, towards higher temperature (120-180 K) and to an increase in the step amplitude. This occurs because band bending (caused by pinning effect) at the front interface leads to an increase in the potential barrier for electrons at the front n-AlInP/n-GaInP interface ( figure 2(d) ). Another step, which can be observed in the lower temperature range (T < 120 K) appears. It is caused by capture and emission processes at the interface states. This step is not observed when negligible capture cross-section values (σ = 10 −25 cm 2 ) are introduced ( figure 7(c) ).
We should stress that the behaviour of simulated C-T -ω curves, which is caused by band bending due to the Fermi level pinning effect is strongly dependent on the distribution of the interface states density.
Experimental results
The measured C-T -ω and G/ω-T -ω curves at zero applied dc voltage for the p-n structure with p-AlInP window are presented in figure 8 . The values of the capacitance and conductance are divided by the whole area of the solar cells. C-T -ω curves exhibit a well-pronounced step at 200-300 K, which is accompanied by a maximum in G/ω-T -ω in the curves. The activation energy obtained from an Arrhenius plot of the measurement frequency at the conductance maximum is about 0.38 eV. Examples of the measured C-T -ω curves at (c) Figure 9 . Experimental C-T -ω curves for the p-n structure without (a) and with p-AlGaAs (b) window layer and for the n-p structure with n-AlInP window layer (c) measured at 0 V bias.
zero applied dc voltage for the other structures are presented in figure 9 . The p-n structure without a window layer ( figure 9(a) ) has a step at lower temperatures (100-150 K) and a lower activation energy of about 0.05-0.06 eV. For the p-n structure with the AlGaAs window layer (figure 9(b)) no step has been observed and for the n-p structure with the n-AlInP window layer (figure 9(c)) the step is supposed to appear at a lower temperature.
Discussion
The results of the numerical simulations without interface states are in good agreement with the model based on the simplified equivalent circuit. The C-T -ω curves exhibit a step accompanied by a peak in the G/ω-T -ω curves with activation energy equal to the effective barrier height. According to the simulations, a high density of interface states may lead to the appearance of a second step (peak) in capacitance (conductance), which can be used as a rough estimate of the interface quality. More importantly, interface states even at lower densities also affect the band structure at the interface leading to changes in the effective barrier height. The actual values of the effective barrier heights, being a very important issue for the design and analysis of the solar cell structures, can thus be determined by admittance measurements. In other words, interface states may not be responsible for a direct signature in admittance measurements through a step in the C-T -ω curves and a peak in the G/ω-T-ω curves (due to trapping and detrapping of carriers). However, such step/peak features observed in the admittance measurements can originate from the onset of transport across energy barriers that depend on the band bending which is influenced by interface states.
Qualitative correlation between experiment and simulation was obtained. Both experiments and simulations demonstrate that: p-n structures with p-AlInP window exhibit a step in capacitance at higher temperatures with higher activation energy; p-n structures without window exhibit a step at lower temperatures with a lower value of activation energy; for p-n structures with the p-AlGaAs window and for n-p structures with the n-AlInP window the step is supposed to be located out of the range of experimental temperatures and frequencies.
However, a significant difference between experiment and simulations in the absolute value of the capacitance below the step and in the value of the activation energy is observed. This difference may be explained in terms of the geometry of the top metal electrode grid, which cannot be taken into account in a 1D simulation. At high temperatures the effective area of the junctions is equal to the whole structure area, while at low temperatures the lateral conductance of the emitter becomes smaller and the effective area of the capacitance C W reduces to the area of the metal grid, leading to a significant decrease in the capacitance. This is illustrated by the capacitance versus bias measurements performed at 300 and 100 K on p-n solar cells with the p-window layer shown in figure 10 . The capacitance at 100 K is much smaller than at 300 K and the corresponding slope of the inverse squared capacitance is larger. At 300 K this slope corresponds to the doping levels of the structure if one considers that the effective area determining the capacitance corresponds to the whole cell area. We should note that according to the low values of the ionization energy of Si donors in GaInP [24] the concentration of ionized donors should not be changed from 300 to 100 K and therefore no changes in the slope should occur if the effective area of the measured capacitance was unchanged. In contrast, a decrease (here by a factor of 3) of this effective area could explain the observed increase in the slope. In order to check the influence of the contact grid on the admittance measurements a test mesa structure was fabricated. The admittance measurements performed on the p-n mesa structures with the p-AlInP window (fabricated on the same type of wafer as the solar cells) are presented in figure 11 . The amplitude of the capacitance step in the C-T -ω curves is significantly smaller compared with that of the solar cells being in agreement with simulations results.
Another important issue can be deduced from the measurements performed on the mesa structures. Indeed, the activation energy of the capacitance step in the C-T -ω curves being about 0.6 eV, this corresponds to the value obtained from the simulations and it is in good agreement with the values of E V at the GaAs/AlInP interface reported by other authors, 0.54-0.63 eV [12, 25] . The obtained value of E a corresponds also to that of the effective barrier for the holes used in analysis of the I -V curves under illumination [2] . We should stress that the correlation between the activation energy of the C-T -ω curves and the value of the effective potential barrier is a very important issue, which can be used for the characterization of different isotype heterojunctions.
The lower values of E a by 30-40% for solar cells compared with mesa structures may also be explained by the geometry of the contact grid, which leads to the spreading and therefore changing in the active area of the top contact. A further study using 2D modelling should be performed to explain the difference in E a for solar cells and mesa structures. The observed difference between solar cells and mesa structures demonstrates that 1D simulation results should be compared with experimental results obtained on mesa structures only.
The influence of the spreading in solar cells on admittance measurements could also be explained in terms of a simplified equivalent circuit [26] where C W (figure 3) should be replaced by the circuit described in figure 12 , where C 0 W is the capacitance of the depletion region of the p-n junction placed under the contact grid. The photoactive area (which is not covered by the contact grid) is divided into k parts. C n W corresponds to the capacitance of the depletion region of the p-n junction of the nth part of the photoactive area and G n L is the lateral conductance of the nth part of the emitter layer and can be expressed as
where p is the hole concentration in the p-emitter, µ p is the hole mobility in the p-emitter, d is the emitter thickness, l is the digit length and x is the width of the part of the photoactive area. Due to a relatively large ionization energy of Mg acceptors in GaInP (being equal to 39.7 meV for the doping level of 4 × 10 17 according to [27] ) the hole concentration depends on the temperature in the wide range as shown in figure 13 , where p is calculated using Fermi-Dirac statistics. Assuming linear temperature dependence of the hole mobility (from 100 cm 2 s −1 V −1 at 100 K to 50 cm 2 s −1 V −1 at 300 K) and using geometrical parameters of the solar cell grid the equivalent capacitance of the circuit presented in figure 12 was calculated. The temperature behaviour of this capacitance normalized to the maximum value is presented in figure 13 . The observed significant change in the capacitance with temperature will add to the capacitance step related to the interface potential barrier, and will lead to a significant error in the determination of this barrier height. Therefore, for reliable analysis admittance measurements should be performed on the structures with full coverage of top contacts only.
Conclusions
Admittance spectroscopy was shown to be sensitive to the band structure of III-phosphides interfaces. In particular, the possibility to determine the values of the effective potential barrier for majority carriers by direct measurement of the activation energy of a capacitance step was demonstrated. The obtained value of the effective potential barrier for holes at the p-AlInP/p-GaAs interface is found equal to 0.6 eV, which according to the simulations corresponds to the value of the valence band offset, and it is in good agreement with some previous results from the literature. The influence of the spreading resistance in p-GaInP emitter was shown to influence admittance measurements performed on solar cells, where the contact area is smaller than the emitter area. This can lead to significant errors in the determination of band offsets from the proposed method. Therefore, for further studies of other heterointerfaces such as p-GaInP/p-GaAs and n-AlInP/n-GaAs special mesa structures with full metal coverage of the top electrode should be fabricated.
